INTRODUCTION
In the shielding of high energy accelerators, muons can -be the-dominant source of penetrating radiation. Muons easily penetrate massive shields, a direct result of their weakly interacting nature, as is clearly shown in the range-energy curves of fig. 1 [l] . At electron accelerators, muons are created mainly from pair production, while the dominant mechanism at proton accelerators is pion or kaon decay. For both accelerators, muons are produced primarily in the forward direction, and thus the shielding is much more extensive around beam dumps and targets in the beam direction. This is not to imply that the transverse shielding problem is negligible for muons. On the contrary, experiments at SLAC have shown muon contributions at relatively wide angles [2] , while a prompt muon (as opposed to the more common pi-mu decay) component has been observed in proton accelerator experiments (see, for example, [3] ). These prompt muons will contribute to muon doses at large angles at high proton energies. Furthermore, at muon energies above 10 GeV, interaction mechanisms other than ionization and excitation begin to contribute to the slowing down and scattering of muons [4] . This leads to two effects: 1) the range of the muon is shortened, and 2) the additional decrease in muon energy along the path of the muon and the scattering due to these inelastic events themselves result in an increase in the lateral spread of the beam.
There have been many theoretical studies of the production and transport of muons at proton accelerators [S-11] , but apart from a preliminary report on the initial phase of this experiment [12] , no experimental verification of the theoretical methods has been reported to date. This is especially unfortunate because there is evidence to suggest there may be significant discrepancies between calculations and measurements, at least at an electron accelerator. One measurement and a comprehensive theoretical study of the production and transport of muons around electron accelerators have been published [2, 13, 14] , h w ere a larger-than-predicted wide angle muon fluence was found in the measurements.
The problem of multiple scattering with slowing down in a shield can be solved analytically using the model of Eyges [15] , as in the analytic computer code, TOMCAT [16] , or using Monte Carlo techniques as in the muon section of the hadronic cascade code, CASIM [10, 17] . Coulomb, nuclear and bremsstrahlung scattering processes are all taken into account. In fact, if a code is up to date, then all processes which can alter the diffusion profiles in any significant way can be taken into account, such as, for example, range straggling.
An-experiment designed to study only the transport part of 'the-muon shielding problem, exclusive of the source term, would aid in the understanding of the SLAC muon measurements, as well as provide a true quantitative test of the computational methods currently being employed around both types of accelerators. In addition, the experimental data should be of direct use in studies of the attenuation of cosmic ray muons in earth.
Accurate computation of the lateral diffusion of muon beams is also important in the prediction of off-site radiation levels at high energy accelerators [18, 19] . It was to check out transport programs such as TOMCAT that the present experiment was designed.
The measurements presented here were made in the North Experimental Area at CERN during the period from January 1979 through June 1980 using muons in the momentum range between 200 and 280 GeV/c. The muon beam at this facility is ideal because the beam is monoenergetic, small in cross sectional area, has little angular divergence relative to the spread caused by multiple scattering in the shield, and the incident intensity and other parameters are well known. In addition, the earth backstop is composed of undisturbed soil and therefore can be considered to be fairly homogeneous.
The following sections will describe in detail the experiment and give results. The experimental geometry will be covered first in sect. 2, along with some of the general items associated with the experiment (such as muon intensities, beam triggers, etc.).
Next, sect. 3 will describe the various detector systems that were used. Theoretical models and the computer codes that were used in this study will be described in sect. 4.
Section 5 will describe the types of measurements and the results, where comparisons are made with experimental data. The last part (sect. 6) summarizes the findings and discusses the implications of this work.
EXPERIMENTAL SETUP
The external muon beam (M2) in the North Area of CERN passes through a building (EHNS) which at the time of these measurements contained two large experiments, designated NA2 and NA4, prior to entering a soil backstop (see figs. 2,3). The backstop and the area further downbeam are part of a quiet rural countryside, although contained within the CERN boundary fences. This area was predetermined to be ideal for a muon transport experiment because the soil shield itself had not previously been excavated and also, background radiation levels from surrounding experiments were considered to be negligible; that is, only one other experimental area, EHNl (not shown), was operational 500 m upbeam and 80 m to the side of EHNZ. The density of the earth in this area was measured to be between 1.9 and 2.1 g/cm3.
Muon beam intensities passing through EHNP were of the order of 1.5 X 107~/pulse (1 set pulse width at 6 ppm), as measured with charge collecting ion chambers, and were known to about l-2% uncertainty. Momenta were analysed to an uncertainty of less than 10%.
At a location 292 meters downbeam of the start of the soil backstop behind EHNS, two 40 cm diameter holes were drilled vertically into the ground and lined with plastic pipes which were closed at the bottom to prevent water seepage. One of the holes was 
DESCRIPTION OF DETECTORS
Three detector systems were used, each of which allowed for an independent measurement of the radial distribution of muon fluence in the hole. Also, each gave some extra information that the others did not, such as angular information for the emulsions, etc. The three detector systems were 1) scintillation counters, 2) nuclear emulsions and 3) a silicon diode telescope. The scintillation counters provided a quick and dependable measurement of the radial fluence profile. As llxed counters, they were left on and allowed to integrate during each of the emulsion exposures and provided information related to changes in beam conditions (i.e., steering, divergence, etc.).
The nuclear emulsions were exposed both parallel as well as perpendicular to the general direction of the muon beam. In addition to a check on the counter measurements, emulsions gave information about the angular distribution of the tracks and possibly some indication as to whether or not hadrons, electrons or photons accompanied the muons in the shield. Emulsion exposures were also made in the EHN2 building in order to provide angular distributions of the incident beam to complement the spatial distri-butions provided by the beam profile monitors associated with the NA2/NA4 experi-~-~-ments.
A small silicon diode telescope was used in order to determine theextent, if any, of muon initiated electromagnetic cascades accompanying the muon field [20, 21] .
SCINTILLATION COUNTERS
Four scintillation counters were used in the experiment. Two, CA and CB, were combined to form a telescope that could traverse the vertical limits of either hole, and the others, Rl and R2, were fixed at the bottom of hole 1 (on-axis) and hole 2 (off-axis), 
NUCLEARTRACKEMULSIONS
Two groups of emulsions were used, one a typically thick (400 /J) set poured onto 1 by 3 inch glass plates using either Ilford or Kodak emulsion, and a second group composed of a 500 p thick metacryl plastic with 80 /.L thick Fuji emulsion poured onto each side as depicted in fig. 7 . This geometry had been used previously [22] for 10
GeV muons and 18 GeV electrons with relative angles measureable to a precision of 0.1 mradians. The thicker emulsions were placed with their long axes parallel to the beam, and were intended primarily to determine the hadron fluence (if any) accompanying the muons. In addition, they provided a backup to fluence data measured with the double-~-coated plates. Because of the movement of the emulsion with time and temperature, precise.angular information is not possible from the thicker-emulsion% More precise angular information is possible from the double-coated plastic since only the entry and exit points at the emulsion/plastic interface need to be measured in order to determine the angle through the 500 p thick plastic. Even though the plate orientation was not established to better than a few degrees to the beam direction, it was anticipated that relative angles would be measureable to a precision of better than 0.5 milliradians using this technique.
Eight double-coated plates were prepared using the Fuji photographic emulsion gel.
The plates were prepared in Seattle during the period l-6 May, 1980, and ranged in 
SILICON DIODE MEASUREMENT
A small silicon diode telescope (referred to as the "tiny" telescope), originally designed to measure flux profiles of high intensity muons with electron rejection [20, 21] , was also included. Using the coincidence between a small area front diode and a larger area rear detector, the differences between signals with and without lead between the detectors can be a measure of the electron contamination in the muon beam. This is due to the electromagnetic shower that is developed in a material (such as lead) from high energy electrons, but which is not present when muons traverse the same material. Both codes were run for the geometry shown in fig. 3 for each of the energies used in this experiment. The results, given in figs. 9-12, show essential agreement between the two codes. TOMCAT is very much faster than TRANMU, although the latter is capable of providing additional information (i.e., angular and energy distributions).
Because the two codes agree, the experimental results, except for angular measurements, will henceforth be compared only with TOMCAT.
MEASUREMENTS AND RESULTS (a) Scintillator
The input muon beam had a slight momentum spread and an inherent radial-angular distribution that was further perturbed by the carbon target in the NA4 experiment (see fig. 3 ). still not accounted for. Calculations of muon straggling in soil [25] suggest that whereas 92% of incident muons should reach the detectors for the 200 GeV/c (no carbon) case, in agreement with the experimental data, 83% should still reach the detector in the 200 GeV/c (with carbon target) case. This is in conflict with the data; however, these --~-straggling calculations did not allow for multiple scattering.
We also note from table I that there appear to be too many pa&c&s at the higher momenta, particularly at 280 GeV/c. This is consistent with the discrepancy around the beam centerline seen in figs. 13 and 14, and noted above. While the absolute disagreement may be subject to criticism due to the uncertainties, the trend seems to be real. There are too many 'apparent' muons as the energy increases, which may be explained as being due to processes not accounted for in the computer codes, such as energetic delta rays produced by muons and leading to electromagnetic cascades.
(b) Emulsion
Although two types of emulsion were exposed, it was sufficient to scan only the double-coated plates in order to obtain the results presented here.
Due to the lack of thermal equilibrium on the microscope viewing stage, together with the relatively large separation of the two metacryl surfaces, the noise in measuring the fiducial direction was found to be larger than the signal being measured. In a series of measurements on the same set of tracks carried out over a six hour period, there was a random drift of the fiducial direction that had a maximum excursion of about 13 mradians (rate of drift 2r' 4 mrads per hour). Measurements of tracks with respect to a given fiducial repeated in less than 5 minutes were reproducible to about 0.7 mrads.
As a result, the perpendicular to the metacryl surface, the fiducial direction (defined by the vertical microscope stage movement down through the metacryl), cannot be used as an absolute reference axis throughout a given plate, since the tracks have angles on the order of 5 to 15 mrads. Anticipating this, the emulsions were not precisely aligned to better than a few degrees with respect to the beam direction.
The following method was therefore employed. A group of 12 tracks which could be identified by pattern on both the upper and lower emulsion-metacryl surface was selected. Within a short time span, the coordinates on both surfaces were determined for each of the twelve tracks. An inclusive method of determining root-mean-square angles was then employed.
Angular measurements were made only for the 280 GeV/c case at the relative vertical distance of 465 cm (i.e., about 10 cm from the beam centerline). A total of 9 groups of about 12 tracks each were measured, for a total of 106 actual tracks. However, 9 tracks (one from each group) were not considered in the angular measurements since they were ----used to determine the perpendiculars, so that 97 tracks in all were used.
The computer code, TRANMU, was then run for the samegeneral geometry, also at 280 GeV/c, and the data scanned for a radius of 20 cm from the beam centerline. The results from the emulsion data and TRANMU are shown in fig. 17 . The measurement data are broader than the calculated data, but in view of the method that was employed, not too much emphasis should be placed on the differences. What should be noted is that the angles are quite small. The emulsion points along the beam centerline appear to lie between the counter data and TOMCAT curves at the higher momenta. Because the emulsion scanning is biased toward selection of tracks at small angles (< 5'), this observation is not surprising.
The scintillators respond to tracks at all angles (singles), and to tracks with angles less than 30' (coincidence). Since the coincidence-to-single ratio was measured to be 9770 in the forward direction at 280 GeV/c, the difference between the counter and emulsion data might be due to tracks between 5 and 30'. A possible explanation, as previously given, might be very energetic knock-on electrons or even their subsequent showers.
(c) Silicon Diodes
As described earlier, a "tiny" silicon diode telescope was used to measure the fluence in the on-axis hole at 280 GeV/c. The results are presented in fig. 21 , where the absolute fluence is in reasonabale agreement with the scintillator data, but is systematically higher than the TOMCAT curve.
Additional measurements were made at 280 GeV/c using the "long" telescope arrangement (see fig. 8 fig. 22 where good agreement with the other scintillator telescope data (shaded band) can be seen.
S-Y AND CONCLUSIONS
This experiment was initiated by selecting a site at CERN that had 1) a pure muon beam already momentum analyzed, and 2) a well-defined homogenous soil shield. The locations in the shield in which to make the measurements were chosen to be near the end of the muon range for 200 GeV/c muons, and upstream of the end-of-range for the higher momenta. The holes were dug deep enough to include (theoretically, at least) three or more orders of magnitude change in muon intensity. Background problems and perhaps problems due to the lack of soil in the upper regions (where the air exists) were anticipated, but it was hoped that the effect of these would not be too great. It was also anticipated that data from deep inside the off-axis hole would supplement and clarify -__._ the wide angle data taken near or above the earth-air interface from the on-axis hole. -In fact, the region near and above the earth-air interfaEe gives data at the wider angles which are above the calculated levels (i.e., at the relative distances of less than 100 cm which corresponds to about 9 mradians). The data from the second (off-axis)
hole, scanty for all momenta except 280 GeV/c, are lower than the on-axis data taken near or above the earth-air interface, but are still substantially above the theoretical curve at these relatively wide angles. Sweeping the beam horizontally with magnet B9 essentially confirms the data taken vertically, but this set of data was taken only at 200
GeV/c where the tail is already ill-defined.
The comparison between measurement and calculation certainly is as interesting in the forward direction, but again is not well understood. Specifically, it would appear that there are too many particles in the forward direction for the higher momenta (280 and 240 GeV/c) and too few for the 200 GeV/c momentum. This seems to be a function of momentum, i.e., higher momentum gives more particles, and this is further confirmed by the silicon diode fluence measurements at 280 GeV/c. The case of too few particles in the forward direction continues at 200 GeV/c even when some of the shield is removed, though to a lesser extent.
Integrating the total number of particles under the curves confirms that the higher than expected fluence in the forward direction is caused by an excess of particles at the higher momenta. It is postulated that many, and perhaps, most of these are from very energetic knock-on electrons and subsequent electromagnetic cascades. Neither the emulsion nor the silicon diode data were able to confirm this, but both gave answers that were in the right direction.
The most obvious discrepancy between theory and measurement is the very much lower fluence near the end-of-range. The present codes fail badly in this region. It can be argued that for most purposes (i.e., shielding), this region is relatively unimportant.
Apart from this anomaly, it can be concluded that current muon transport codes are capable of predicting fluence radial profiles in soil to within a factor of two over 4 orders of magnitude. Relative Vertical Distance (cm) Fig. 22 
